Introduction
Improvement of litter size is an increasingly important breeding goal in swine (Ollivier et al., 1990) . Therefore, knowledge of genetic parameters of litter size measures is necessary to estimate accurate breeding values, to combine different sow productivity traits in selection, to optimize breeding schemes, and to predict genetic response to selection. To achieve these aims, the genetic correlations between different parities of sow productivity traits and the influence of maternal genetic and environmental effects on litter size are of major interest (Johansson, 1981; Haley et al., 1988; Jorgensen, 1989) . Use of REML under an animal model for estimation of genetic variances and covariances separates genetic effects from random environmental and other nuisance effects, can be easily extended to estimate other effects like maternal genetic effects, and accounts for selection (Meyer, 1990) . These properties are partly due to use of all relationships between animals as discussed by Kennedy et al. (1988) .
Estimates of genetic parameters for litter size can be biased by involuntary and directional selection from parity to parity. One approach to account for this selection bias is to treat different parities as different traits (Rothschild et al., 1979) . With this approach it can also be examined whether litter size as expressed in different parities is the same trait genetically. The objectives of this study were to estimate genetic parameters for litter size to 1 ) determine the magnitude of heritabilities of sow productivity traits in different parities, 2 ) determine the importance of maternal effects, 3 ) determine whether the estimates of heritability for direct effects were different when maternal effects were considered, 4 ) determine the appropriateness of a repeatability or multiple-trait animal model for different parities of each sow productivity trait, and 5 ) identify the degree of genetic differences and correlations between measures of sow productivity.
Materials and Methods

Data
Data on reproduction were obtained from the Quebec Record of Performance sow productivity program. Records on Yorkshire and Landrace sows with farrowings between 1977 and 1992 were used. Pedigrees of sows were traced back to ancestors with a year of birth as early as 1975. Traits of interest were the number of pigs born in total ( NOBT) , the number of pigs born alive ( NOBA) , and the number of weaned pigs ( NOW) . The NOBT was the sum of number of pigs born alive and dead. The NOW included the number of adopted pigs but excluded the number of pigs transferred to other sows.
Only records with complete sire and dam identification, complete information about herd, season, number of inseminations per estrus, age of sow at first farrowing, farrowing interval, age of sow at farrowing, breed of service sire, and age of pigs at weaning were used. Also, only records with at least one pig born alive were included. Age of sow at farrowing was restricted to a range of 230 to 540 d, 350 to 750 d, 500 to 1,000 d, and 600 to 1,200 d for first, second, third, and fourth parity, respectively. Farrowing interval was restricted to 120 to 260 d. The minimum number of observations per herd-year level was 10 for first parity and 5 for each of the later parities. Only records with a Yorkshire or Landrace service sire were considered. Records of all consecutive parities of sows beginning with the first parity were included in the data set (e.g., sows must have first-; first-and second-; first-, second-, and third-; or first-, second-, third-, and fourth-parity records). This restriction was made to include all information on which selection decisions were made in the data. Under this condition, the multivariate analysis of different parities using REML can account for selection and yield estimates of genetic parameters in unselected and unrelated populations (Meyer, 1990) . Records removed for not meeting the above criteria were 12 and 8% in Yorkshire and Landrace, respectively. Means and phenotypic standard deviations showed hardly any change due to these restrictions.
A description of the edited data is presented in Table 1 . Assuming that the data reflect selection in the population, in Yorkshire 31, 27, and 22% were culled after first, second, and third parity, respectively. In Landrace, similar percentages of 32, 25, and 24% were observed. The sow:boar ratio decreased from first to fourth parity from 4.3 to 3.5 in Yorkshire and from 4.5 to 3.9 in Landrace.
Statistical Analysis
Data were analyzed by restricted maximum likelihood using the DFREML program of Meyer (1991) . Two different animal models excluding or including maternal effects were used for univariate analyses as follows: y = Xb + W 1 a + e, and y = Xb + W 1 a + W 2 m + e, where y represents the vector of observations for the NOBT, NOBA, or NOW, b represents the vectors of fixed effects of herd-year of farrowing, season of farrowing (January to April, May to August, September to December), number of inseminations per estrus of conception (1, ≥ 2), breed of service sire (Yorkshire or Landrace), linear and quadratic regression on age at first farrowing (first parity) or farrowing interval (second and later parities), and linear and quadratic regressions on age at weaning (only for NOW), a is the vector of random additive genetic effects of animals ∼( 0, m is the vector of random additive ) , As a 2 maternal genetic effects ∼( 0, and e is the vector ) , variances, genetic covariance between direct and maternal effects, and residual variance, respectively. Standard errors for univariate analyses were estimated using the approximate method described by Graser et al. (1987) . The multivariate analyses were split into several bivariate analyses as was done by Meyer (1994) . The following bivariate animal model was used:
where y 1 and y 2 represent different parities of each sow productivity trait or different combinations of sow productivity traits (NOBT, NOBA, and NOW). The vectors of fixed effects for Trait 1 ( b 1 ) and Trait 2 ( b 2 ) are the same as described in the univariate model. The vectors a 1 and a 2 are random additive genetic effects, and e 1 and e 2 are residual effects for Trait 1 and Trait 2, respectively. The incidence matrices X 1 and X 2 ( Z 1 and Z 2 ) associate elements of b 1 and b 2 ( a 1 and a 2 ) with the records in y 1 and y 2 . The expectation of y 1 ( y 2 ) is X 1 b 1 ( X 2 b 2 ) and the variance-covariance structure of random effects of the bivariate animal model is as follows: is the direct genetic s a12 covariance between Trait 1 and 2, and their s e12 residual covariance. A simultaneous estimation of all traits of interest would have been desirable. However, bivariate analyses were used because of limited computational requirements and because there was no convergence on a reduced data set with more than two traits, as was also shown by Spilke and Groeneveld (1994) . In a bivariate analysis not all information is used for estimation, and the variance-covariance matrix may not be positive definite. This can be due to sampling, especially when the true parameter is close to the bounds of the parameter space or due to systematic effects such as selection. Also, pooling of heritabilities obtained from different bivariate analyses may result in a negative definite variancecovariance matrix. Non-positive definite variancecovariance matrices were indicated by negative eigenvalues. When the estimated variance-covariance matrix was not positive definite, "bending," similar to that described by Hayes and Hill (1981) , was used to transform this matrix to be positive definite, as is necessary for estimation of breeding values.
To examine genetic differences between parities and traits and to find the best fitting operational model for each trait, the data were analyzed in four different analyses: 1 ) univariate analyses under a direct additive genetic effects model within each parity; 2 ) univariate analyses under a maternal and direct additive genetic effects model within each parity; 3 ) multivariate analyses for NOBT, NOBA, and NOW with each parity treated as a different trait; and 4 ) multivariate analyses between NOBT, NOBA, and NOW within each parity.
Different starting values of variances and covariances were chosen for the iterative REML procedure, and restarts with the variance components at convergence were carried out to ensure that a global rather than a local maximum had been reached (Meyer, 1992b) . The convergence criterion for all runs was 10 −7 .
Results
Means, standard deviations, and coefficients of variation of traits are presented in Table 2 . For all traits of litter size, means increased with parity except that there was almost no difference between third and fourth parity for NOW. The coefficient of variation decreased slightly with increased number of parities, except in Landrace, in which there was an increase in variation from parity one to two for NOBT and NOBA. Farrowing interval between first and second parity was longer than for later farrowing intervals in both breeds.
Univariate Analyses Within Parity
Estimates of heritabilities under a single-trait animal model within each parity for NOBT, NOBA, and NOW are shown in Table 3 . Estimated heritabilities for NOW were in most cases significantly lower than for NOBT and NOBA in the corresponding parity. In the first two parities, slightly but not significantly higher heritabilities were obtained for NOBT than for NOBA. In particular for NOBA, lower heritabilities were estimated in the first two parities relative to the last two parities. This may simply reflect sampling error, as indicated by increased standard errors of these estimates with increased number of parities. 
Univariate Analyses Within Parity with Maternal Effects
Estimates of direct and maternal genetic variances and their covariances are given in Table 4 . Maternal heritabilities for NOBT and NOBA were only greater than 1% in Yorkshire in first and second parity, and none of the estimates was significantly different from zero. However, Roehe and Kennedy (1993a) found that even small maternal genetic effects have a great influence on the response in litter size. The maternal genetic variance for NOBA in second parity in Yorkshire may be overestimated because direct genetic variance was reduced considerably compared with estimates of other parities and may indicate a high confounding of maternal and direct genetic effects. Also, maternal environmental effects could not be estimated with this data structure because 71% and 74% of the data consisted of single families in Yorkshire and Landrace, respectively. Therefore, disentanglement of maternal genetic and maternal environmental effects was not possible, which may influence the estimates of maternal genetic as well as direct genetic effects.
Estimated correlations between maternal and direct effects were negative, and the magnitude decreased from parity one to two for NOBT and NOBA in Yorkshire. However, these correlations are based on nonsignificant maternal genetic effects. Maternal effects of significant magnitude with a high negative correlation to direct effects were observed for NOW in the second parity in Yorkshire.
Multivariate Analyses Between Parities
Estimates of genetic variances and covariances from bivariate analyses are presented in Table 5 . A substantial increase in additive genetic variance from parity one to four was estimated for NOBT and NOBA in Landrace. Corresponding coefficient of variation of additive genetic variance increased from first to fourth parity from 7.7 to 9.5% for NOBT and from 7.4 to 9.2% for NOBA. In contrast, the additive genetic variances of NOBT and NOBA estimated for Yorkshire fluctuated from parity to parity (i.e., low estimates for the first and third parity compared to high estimates in the second and fourth parity). Again, for NOW substantially lower genetic variances were obtained than for NOBT and NOBA. In particular, Landrace showed very low genetic variances for NOW in the third and fourth parity.
Corresponding estimates of heritability for NOBT and NOBA from bivariate analyses showed no trend with increased parity in Yorkshire, but in Landrace, heritabilities increased from the first two to the last two parities (Table 6 ). Heritabilities for NOW were substantially lower than those for NOBT and NOBA in corresponding parities, except in third parity in Yorkshire. Standard errors of heritability from these bivariate analyses are expected to be lower than those for univariate analyses. Genetic and residual correlations between the first four parities are also shown in Table 6 . In Landrace, genetic correlations between different parities were generally higher and more consistent than in Yorkshire. First and second parity were genetically highly correlated in Landrace in comparison to moderate (NOBT and NOBA) and low (NOW) correlations in Yorkshire. Consistent high genetic correlations were found between first or third and fourth parity for both breeds over all traits. In Yorkshire genetic correlations between parities for NOW were consistently lower than for NOBT and NOBA. Generally, residual correlations between adjacent parities were larger in Yorkshire than in Landrace. For each trait, very low residual correlations were obtained between first and third or fourth parity for both breeds. Residual correlations between parities for NOW were lower than those for NOBT and NOBA, except for the residual correlation between third and fourth parity in Landrace.
As described previously, splitting of multivariate analyses into several bivariate analyses does not necessarily result in a positive definite variancecovariance matrix. The negative eigenvalues in Table  7 indicate that the estimated genetic variance-covariance matrices between the four parities were not positive definite for all sow productivity traits except for NOW in Landrace. Eigenvalues of the residual variance-covariance matrices were always highly positive.
To obtain a positive definite genetic variancecovariance matrix between parities, "bending" as described by Hayes and Hill (1981) was used, and the resulting heritabilities and genetic and residual correlations are presented in Table 8 . The maximum absolute difference between original estimates and estimates after "bending" was over all traits and parities in Yorkshire, .006, .215, and .008 for heritabilities, genetic and residual correlations, and in Landrace .007, .147, and .007, respectively.
Multivariate Analyses Between Sow Productivity Traits
Estimated genetic and residual variance-covariances between sow productivity traits (NOBT, NOBA, and NOW) within parity are shown in Table 9 . Generally, there was a decrease in additive genetic variance from NOBT to NOBA to NOW. Corresponding heritabilities and genetic and residual correlations are shown in Table 10 . Estimates of heritability based on between sow-productivity traits within parity were very similar to corresponding estimates based on between-parity estimates within sow productivity traits (Table 6 and 10). Genetic correlations between NOBT and NOBA were close to one, as expected from part-whole correlations. Differences in these correlations between breeds and between parities were small. Lower genetic correlations were estimated between NOW and NOBA for all parities, particularly in Yorkshire. These correlations may be influenced by crossfostering. However, differences of the breeds in genetic correlations between NOW and NOBA cannot be explained by crossfostering because the percentage of crossfostering was almost the same for both breeds in different parities (Table 1) . Genetic correlations between NOW and NOBT were consistently lower than those between NOW and NOBA, as can be expected because the difference between NOBT and NOBA is the number of dead pigs. Environmental correlations between NOBT and NOBA were high but always lower than the corresponding genetic correlations. Estimates of environmental correlations between NOBT or NOBA and NOW were of moderate magnitude for both breeds. Variance-covariance matrices of sow productivity traits were only positive definite for second-parity data in Yorkshire, whereas the matrices of first and third parity, as well as the average over all parities, were positive definite in Landrace (Table 11) . Genetic parameters after transformation of the variance-covariance matrix are given in Table 12 and were similar to original estimates, in particular in the first three parities.
Discussion
A potential problem of all maximization methods like REML is convergence to points other than the global maximum when using different starting values for the same data (Groeneveld and Kovac, 1990) . Therefore, all analyses were tested with different starting values and also restarted with initially convergent parameters to ensure that a global rather than a local maximum had been reached. Different starting values showed no influence on the final estimates with univariate analyses even when a maternal effects model was used. When correlations between parities or between different reproduction traits were estimated in a multivariate analysis, use of different starting values over the whole parameter space always resulted in the same estimates at convergence. However, the speed of convergence depended substantially on the starting values, particularly with multivariate analyses. Haley et al. (1988) reported in a literature review that although heritability of litter size is low its coefficient of variation is very large relative to growth and carcass traits. Accordingly large relative variation is available to improve litter size as shown in Table 2 . Estimates of heritability obtained for NOBA in this study are in general agreement with average heritabilities reported by Haley et al. (1988) . However, in the single-trait analyses, the Canadian Yorkshire and Landrace (Table 3 ) showed an increase in heritabilities for NOBA from the first two parities to the last two parities, contrary to average estimates from the literature. Estimates of heritability for NOW were in most cases significantly lower than those at birth, which was also found by Johansson and Kennedy (1985) . The estimates of NOW may be underestimated because of crossfostering. Avalos and Smith (1987) in a deterministic study showed that given a heritability of .10 and the use of all family information in selection, an improvement of litter size of .50 pigs per generation can be expected. Recently, Roehe and Kennedy (1993a) showed in a stochastic simulation over 10 yr of selection that a response of .22 pigs per year can be gained using an animal model and selecting for litter size only. In a recent selection experiment Gama and Johnson (1993) reported a response of 1.06 pigs after eight generations of selection on litter size. The population in their selection experiment was previously selected for high ovulation rate.
The importance of maternal genetic effects has been controversial. Using REML under an animal model, Mercer and Crump (1990) and Perez-Enciso and Gianola (1992) found no maternal effects, whereas Southwood and Kennedy (1990) and Ferraz and Johnson (1993) reported significant maternal effects.
In the present study two populations were chosen in which data were collected over many years and considerable pedigree information was available. Under these conditions the analysis of variance components with REML under an animal model may disentangle maternal and direct genetic effects. With few exceptions, estimates of maternal effects were smaller than their standard errors, and thus not significant. Crossfostering of pigs may influence these results. Some maternal effects were observed for litter size at birth and weaning in Yorkshire, whereas in Landrace maternal genetic effects were observed only for NOW. However, Roehe and Kennedy (1993a) found that with small maternal heritability = ( h m 2 .025) and a negative correlation between maternal and direct effects, the response to direct selection for litter size can be reduced as a result of negative maternal response and reduced direct response. In addition, genetic drift of direct response is greater when maternal contribution to the trait is small, as shown by Roehe and Kennedy (1993a) . Larger genetic drift increases the risk of the breeding program.
Recently, Gerstenmayr (1992) and Meyer (1992a) showed through simulations some of the difficulties in estimation of maternal effects. Meyer (1992a) demonstrated that estimation of direct and maternal genetic variances and their covariances even for experimental design specifically formulated to facilitate the estimation of maternal genetic parameters resulted in high sampling variances and covariances. Additionally, Gerstenmayr (1992) found that estimates of maternal effects of small magnitude showed higher relative and absolute sampling variance than estimates of high magnitude. Litter size has low maternal and direct genetic heritabilities, and thus most likely high sampling variances. Also, Roehe and Kennedy (1993a) showed the high confounding between maternal and direct effects, which may be difficult to disentangle by using an animal model. Therefore, further research is needed to develop methods and models to get more accurate estimates of maternal and direct genetic variances and its covariance.
Contrary to Vangen (1980) , estimated maternal effects were generally larger for second-parity litter size than for first-parity litter size. The highest estimate was obtained for NOW in second parity in Yorkshire and was significantly different from zero. Irgang et al. (1994) also obtained higher maternal heritabilities in the second parity than in the first parity. Table 9 . Estimates a of genetic variance (on the diagonal), genetic covariances (below the diagonal), and residual covariance (above the diagonal) between number of pigs born in total (NOBT), number of pigs born alive (NOBA), and number of pigs weaned (NOW) The size of the negative correlation between maternal and direct genetic effects for NOBT and NOBA is not large enough to recommend a split of the population into male and female dam lines, as suggested by Roehe and Kennedy (1993b) . However, for NOW the genetic correlation between maternal and direct effects in the second parity was large enough ( r g = −.66) to possibly make it profitable to split the populations into male and female dam lines, in which the male dam line would be Yorkshire and the female dam line Landrace. Yorkshire would be selected for direct effects only. Negative maternal change would not influence the record of the crossbred sows. Landrace would be selected with an optimum weighting of maternal and direct effects.
Estimates of heritability for Landrace obtained in the bivariate analyses between parities of each sow productivity trait were very similar to those obtained in the univariate analyses. They showed slightly more variation in Yorkshire. Estimates of heritability of sow productivity with four parities treated as different traits may be biased due to selection because only bivariate analyses were carried out, and hence not all information on selection was used simultaneously in the analyses. Estimates of heritability of bivariate analyses that included the first parity most likely have the smallest selection bias because selection and culling occurred especially after the first litter. However, the heritabilities based on bivariate analyses including first parity showed a small absolute difference (<.01) from the pooled heritabilities, which may indicate that bias due to selection was not very important in these analyses. In addition, estimates of heritability based on bivariate analyses between sow productivity traits within parity (Table 10) were small compared to corresponding estimates based on between parities (Table 6 ), so that selection seems to be negligible.
In Landrace, genetic correlations between parities were generally high and in agreement with literature averages reported by Haley et al. (1988) for the first three parities. Low correlations between first and fourth parity in the literature may be due to selection, which in this study was partly accounted for with the REML method under a multiple-trait animal model. In Yorkshire, genetic correlations between first and second parity were only of moderate magnitude (.5 to .6) for NOBT and NOBA. This is unexpected, because the correlations between first and third or fourth parity were high and also the correlations between second and third or fourth parity were high. The reason may be the estimated maternal effects for this breed, which can result in a low correlation between first and second parity ( Table 4) . The model used to estimate parameters for different parities did not include maternal effects because of computational limitations. Also, compared to the single-trait analysis, the lower heritability in the first parity may indicate that the negative correlation between maternal and direct effects resulted in underestimation of direct heritability. Higher heritability of second parity in the bivariate analysis than in the single-trait analysis may be due to overestimation as a result of uncorrelated maternal effects. Biologically this can be explained by a compensation of performance in litter size in the second parity after a suppression in the first parity. The very large genetic correlation between first and third or fourth parity may be explained by the underestimation of first-parity variance resulting in an overestimation of the correlation. The lower genetic correlations between second and third or fourth parity may be due to overestimation of the genetic variance in the second parity. With multivariate analysis there are possibilities to discover effects ignored in simpler models. The pairwise analysis of parities may have the advantage that estimates can be obtained without the restriction that the whole genetic variance-covariance matrix be positive definite. Complications arose when attempts were made to analyze all four parities simultaneously, which is in agreement with Spilke and Groenefeld (1994) .
Varying correlations depending on the combination of parities were estimated for NOW in Yorkshire. This may be explained partly by the influence of maternal effects. Another influence on this trait may be the amount of crossfostering, which was not considered in the present study. The influence of crossfostering may be apparent in the low correlation between NOW and NOBT or NOBA (Table 6 ). It might be useful to account for crossfostering in future analyses, if possible.
Genetic correlations between direct effects of different parities in Canadian Landrace were sufficiently large that the repeatability model used for estimation of breeding values in the Canadian population (Schaeffer et al., 1993) will be efficient in improving litter size over all parities. The relatively small maternal effects can be accounted for by the approximate model, which includes a litter of birth effect as shown by Roehe and Kennedy (1993c) .
However, a multiple-trait model should be the final objective if there are significant deviations from conditions in which the repeatability and multipletrait models are equivalent models, as summarized by Henderson (1988) . First, the genetic correlations between parities should be one for the repeatability model. But the estimated correlations, depending on breed and combination of parities, were sometimes substantially lower than one. Second, the genetic variances of parities should be equal for the repeatability model. This study suggested that genetic variances between parities were different, and that heritabilities increased from first and second parity to third and fourth parity. Third, the residual variances and covariances should be equal for assuming the repeatability model, but in this study the residual variance was substantially lower in first parity and residual correlations between adjacent parities were higher than between first and third or fourth parity.
Finally, phenotypic variances and correlations between parities were not equal. Also, estimation of maternal effects may be more accurate using a multiple-trait model than with a repeatability model.
Genetic correlations between NOBT and NOBA were high and their heritabilities were similar, so selection for NOBT or NOBA will result in similar response in each trait. However, selection for NOBT has always the risk of increasing the number of pigs born dead. Selection for NOW is very difficult under conditions of crossfostering. Also, heritabilities for NOW were substantially lower than those for NOBT and NOBA, and their genetic correlations were of moderate magnitude. Litter size at weaning is of greater commercial importance than litter size at birth (Haley et al., 1988) . Therefore management to prevent crossfostering may be desirable in nucleus herds to obtain a more accurate genetic merit for litter size at weaning.
Implications
Estimates obtained in this study are likely more accurate than earlier estimates because of the use of restricted maximum likelihood under a multiple-trait animal model that accounts for selection between parities. The estimated correlations between parities indicate that intensive selection in the first parity will result in a highly correlated response in later parities. Even with use of a repeatability model, a highly correlated response in all parities will be achieved. But considering litter size at different parities as different characteristics in a multiple-trait analysis is recommended over a repeatability model for predicting breeding values.
